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Spin of a composite particle

d Spin of a nucleus:

** Nuclear binding: 8 MeV/nucleon << mass of nucleon
** Nucleon number is fixed inside a given nucleus
** Spin of a nucleus = sum of the valence nucleon spin

[ Spin of a nucleon — Naive Quark Model:

* If the probing energy << mass of constituent quark
** Nucleon is made of three constituent (valence) quark
** Spin of a nucleon =sum of the constituent quark spin

d Spin of a nucleon - QCD:

*» Current quark mass << energy exchange of the collision
“* Number of quarks and gluons depends on the probing energy
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Proton spin in QCD

d Angular momentum of a proton at rest:

S=> (P.S.=1/2|J;|P,5.=1/2) = =
f

d QCD Angular momentum operator:

Energy-momentum tensor

. 1 .. .
Tyon = 5 €% [ % MY, e Mgt = Tt o# — Tolsn o

Angular momentum density

“* Quark angular momentum operator:
Ty = [ % [wlFrse, + 6}(@ x (~iD) v
% Gluon angular momentum operator:
Ez/d%{fx(ﬁxé)]
Need matrix elements of these partonic operators
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Sum rule for proton spin

d Partonic contribution to the proton spin:
If P =0, (P,S|Jgy(n*)|P,S) oc §
we) (P, S|J, ,(u?)|P,S) = J, ,(u*) 25

Quark contribution: J,(u?) Gluon contribution: J, (1)

4 Ji’s sum rule:

5 = Jal2) 4 Iy = | 320 + L] + 4,0

1
Quark helicity: %(;2) = / 43" [Agy(, 12) + Ay (o, 42)]
0
f
1 Calculation of these matrix elements:

“* Proton wave function in terms of quarks and gluons — unknown
s Lattice QCD: non-local operators
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Foundation of perturbative QCD

J Renormalization

— QCD is renormalizable Nobel Prize, 1999
‘t Hooft, Veltman

O Asymptotic freedom
— weaker interaction at a shorter distance

Nobel Prize, 2004
Gross, Politzer, Welczek

O Infrared safety
— pQCD factorization and calculable
short distance dynamics
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Question

1 Can we measure hadronic matrix elements of simple
quark or gluon operators?

Experiments measure hadronic cross sections

Many parton could participate in the hadronic collisions

d Approximation:

High energy scattering is dominated by single parton collision

 Factorization — large momentum transfer:
Single identified hadron - inclusive DIS - structure functions
Two identified hadrons — Drell-Yan, SIDIS, ...

Processes with more than two identified hadrons
— hadronic pion production, ...
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Inclusive DIS - one identified hadron

U Feynman diagram representation of the DIS scattering:

q

q q q q q
y Vi o VRN /o u YR\ S K
WM m k k + k k + kl 3 ko + eeoe
k; k; .
P P P P P P

d Perturbative pinched poles:
fa’“k H(Q,k)( 21 . )( 21 )T(k,l) => oo perturbatively
k™ +ic )\ k

—I€ 7

Dominated by a region where k*~W?<<Q? - “long-lived” parton state

J Perturbative factorization:

KH = pt s k> +k; Ly Nonperturbative matrix
P 2xp-n ! / element
[ ik, 0K = 0) [k (|| Ttk )
X Ll k™ +ie I\ k™ —ie 7,

Short-distance o
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Picture of DIS factorization

J Time evolution:

Long-lived parton state

D i }(1—.-\')P
Time: “Past” Now “Future”
—
4 Unitarity — summing over all hard jets:
. €= N
DIS
O, «Im

\
F— Rl = Not IR safe

Interaction between the “past” and “now” are suppressed!
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Collinear Factorization

 Collinear approximation:

2
k“zxp“+2kT n" +k; =xp if O ~xp-n > kT,\/kz
Xpn
%
DIS: ——y——>o
q

“* Hadron is approximated by a beam of partons
of momentum fraction x;

* Parton’s transverse motion is integrated into
parton distributions: ¢ (x)

d Parton distributions are process independent, and
QCD collinear factorization has been very successful
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Polarized inclusive DIS
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Factorization - two identified hadrons

d One hadron:
- LN oy
® > Jix) > (QR)
1 1

Now Past Connection
Hard-part Parton-distribution | | Power corrections

J Two hadrons: l

7/

DY
Ot X

Soft interactions between incoming hadrons break the universality of PDFs
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Heuristic argument for factorization

O Soft-gluon interactions take place all the time:

1 Suppression of soft-gluon interactions:

x r-Frame ='-Frame
’ Long-range fields :

—(N _ e I— ey(1+ 9)
/ A (x) = £ A7 (") = (I% + 12A2)1/2

— 1 *“not contracted!”

d Factorization breaks beyond 1/Q2? (1/Q for spin):

1 1
a(@Q) = H°® fo®@ fo+ (—2) H'® fo®@ f4+0O (—) Doria, et al (1980)
Q @'/ |Basuetal. (1984)
Brandt, et al (1989)
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Why Drell-Yan factorization makes sense?

** Pinch singularities
“* Long-lived partonic states
“ lowest order kinematics

determines the process

do . ., o+ + e ,,
102dy / dkgr dkprdkydkp Huy(QT, Q@ kaT + kBT)
XTr{ @ A(QF — I ka1, k)Y (L kar, @ = N}
Approximation: 2 5 5
kA,T > kB,T < Q
- - Drell-Yan
kT <
4 O > formula
k, < QF
13 Jianwei Qiu, ISU/ANL
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QCD dynamics is rich and complicate

d Leading pinch surface:

Analysis of leading
(pinch or singular)
integration regions

gives the following:

Hard (Large Pp or way off shell)

Collinear (to A or to B, small Pr) - one-pair “physical parton”
from each hadron

Soft (All components small, includes “Glauber.”)

 Factorization:

Long-distance distributions are process independent
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Eikonalization of collinear gluons

The extra collinear gluons
would be a big problem be-
cause the factorization for-
mula contemplates collisions
of only one parton from
each hadron.

But the collinear gluons are OK

e [ he extra collinear gluons have e* o« k.

e [ here effect can be approximated as shown with eikonal lines,
with « in the — direction for hadron A, « in the + direction for
hadron B, ;

k-u—+ 1€

vertex = —igtqul

propagator —
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Factorization of PDFs

Parton distribution in diagrams

Compare
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Trouble from soft gluons

e It seems that a soft gluon exchanged from a spectator quark in
hadron A to the active quark in hadron B can rotate the quark’s
color and thus keep it from annihilating.

e Soft gluon approximations (with eikonal lines) needs qi not too
small. But qi contours can be trapped in “too small’ region.

Pinch from spectator interaction: qi ~ MQ/Q Lq ~M
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Soft gluons take care of themselves

** Most technical part of the factorization

“ Sum over all final states to remove all poles in one-half plane
— no more pinch poles
% Deform the g* integration out of the trapped soft region

“ Eikonal approximation, unitarity, causality, and gauge invariance
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Factorization — high P+ single particle

Nayak, Qiu, Sterman, 2006

2

*» Eikonalization of gluons collinear to the final-state hadron
* Factorization of the fragmentation function
“* Factorization of gluons from the initial-state hadrons

— same as the factorization of Drell-Yan

“* Normalization of short-distance hard parts is fixed by the
definition of the universal PDFs and FFs
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Factorization — approximation

1 Hadronic production of direct photon:

do dx dx’ Ao ..,

T x x dydp3.
1
Pr

O Predictive power:

*» short-distance and long-distance physics are separately
gauge invariant

*» short-distance part is infrared-Safe, and calculable

** long-distance partis process independent — Universal PDFs
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Polarized hadronic collisions

Star jet Phenix r°
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% - . e
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i / " onY e
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Small asymmetry leads to small gluon “helicity” distribution
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Quark “helicity” to proton spin

d Extracted by the leading power QCD:

Ag = / dz Aq(z) = (P, 5[, (0775 1y (0)] P, )

* Integrated over “ALL” momentum components of active parton
+» Collinear factorization:
o parton entering the hard part has only collinear momentum
o parton in the distribution has all components

1 NLO QCD global fit - DSSV:
Au+ Au=0.813 Ad+ Ad=—-0458 As5=—0.057

Y =0 .242 ~ 24% proton SpiIl de Florian, Sassot, Stratmann, and Vogelsang
Phys. Rev. Lett. 2008

O From Ji’s definition:

1

Jo =3 /d% (P = 0,89} (x)7 - Svs¢4(x) | P

—

0,5) + L,
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Gluon “helicity” to proton spin

d Extracted by the leading power QCD:

Ag — /0 dz Ag(z) = (P, sy |[FH(0)F(0)|P, s)(—ic,m)

Integrated over “ALL” momentum components of active gluon

U R I X
d NLO QCD global fit - DSSV: L “xAg ]
C \ 4 0.2
Ag = —0.084 arXiv:0804.0422 : TN LS
e N \ 4 o1
< Ag(x) change sign in RHIC region [ 1,
“ Effectively, “no” contribution : =
— - 0.1
to proton spin - — — GRSV max. Ag -
- ORI A8 L d 02
O Measure the gluonic contribution? 10° 107
1 — — — — - = —
Jy = §/d3x<P: 0,S5|[Z x E(x) x B(x)]- S|P =0,5)
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Questions

How to go beyond
the probability distributions?

How to probe
parton’s transverse motion?

Single Transverse-Spin Asymmetry (SSA)

Ac(l,5) o(£,8) —o(l,—3)

AL, 5) = oll)  o(t,35) +o,—5)
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SSA in hadronic collisions

Hd Hadronic p 1 +p = a(H)X : t T

b

_ 1 M~ Nign
o L ™
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Role of fundamental symmetries

d Fundamental symmetry and vanishing asymmetry:
% A =0 (longitudinal) for Parity conserved interactions

% A\ =0 (transverse) for inclusive DIS - Time-reversal invariance
— proposed to test T-invariance by Christ and Lee (1966)

Even though the cross section is finite!

1 SSA corresponds to a T-odd triple product

ANoci§p-(f9x_é)=i8“mﬁpusvfap'ﬁ i / ‘/1/
/ "D p/

=== | Novanishing A\ requires a phase, a spin flip, and
enough vectors to fix a scattering plan
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SSA in parton model

d The spin flip at leading twist — transversity:

5q(x)= ® ® X <P7§-L|Eq [’Y+’Y'§L} %\P»gﬂ

Chiral-odd helicity-flip density

% the operator for 0'g has even v’s =) quark mass term
< the phase requires an imaginary part =—> loop diagram

p

)4
A
St

7 B

===»> SSA vanishes in the parton model
connects to parton’s transverse motion
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Cross section with ONE large scale

4 Collinear factorization approach is more relevant

(M) ' — Expansion

Q
0(Q,s7) =Ho® fo@ fo+ (1/Q) H1 @ fo @ f3+ O(1/Q%)
? 1
Too large to compete! Three-parton correlation

1 SSA - difference of two cross sections with spin flip
is power suppressed compared to the cross section

Ao(Q, sT) = |0(Q, sT)—0(Q, —s1)]/2
= (1/Q)H1(Q/1p, as) @ falpr) ® fa(ur) + O(1/Q?)

*» Sensitive to twist-3 mu;ti-parton correlation functions

* Integrated information on parton’s transverse motion
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Factorization beyond leading power - |

Qiu, Sterman, 1991
d Power correction from the leading pinch surface:

s For “central soft” gluons (similar
to Glauber gluons):
Expand both jet functions around
the leading twist one

AJ“X(p,k,q;,Cs) =¥ p, k,q;,Cs) —I"*(p. k. G;. Cs)

) O kg, .C ISt (@@ )W O(p kg COYH(K K q,.4,.Cy)

- [ AN (P kg COSE (40 @)) AT HFO(p' k1 q;. ) s O(M?/QY)

n. Ko COS Nl @) AT (P k' g} C ) <t O(M? Q)

+ AN p K q,.C, )9:,(‘ wola.q @ Pk G .Cy) s O(Mz/Qz)

LP ==p ‘p kG CO)SEN_ (0 @ pk.3.Cy) | H(k k' q,.q;-Cy)
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Factorization beyond leading power - ||

+» Standard factorization of twist-2 PDFs:

+ o000

No communication between hadrons other than the active partons
+ Diagrams with one hadron are factorized similar to DIS:

( P, P P, P
B ]
IIE\/ f [
P i B, 1A . P, <

Soft-gluon interaction between the sub-leading 3-parton for SSA

contribution of two hadrons cannot be factorized!

Factorization with two or more hadrons only works upto
the first subleading power!
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SSA in QCD Collinear Factorization - |

4 All scales >> Agcp:

o(st) ~

a Twist-3 quark-gluon correlation: [ Normal twist-2 distributions

~T

dyy izPty” A — _sponn - v‘ —
To.r(x,2, ) :/%6’ P (P, ST’@""q(O))? [/ dyy €T E, (Y3 ) | Yalyr )P st)
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SSA in QCD Collinear Factorization - |l

Qiu, Sterman, 1998
1 Factorization formalism for SSA of single hadron:

A0A+B—w(sT)_2 <f>a/,q(‘f1 X2, 857)®Dyp(x"VOH 4y (S7)®D . _, 1(z)

abce

+E 8qir(x.57) @ diip(x1 X))@ H . (S7)®D e n(z)

+E 5(1(1/,4(‘ ST)®¢b/B(‘ )®H(1+1)—'L(ST)®D((_—)'W(Z1=z2)

+higher power corrections,
Only one twist-3 distribution in each term!

% 1st term: Collinear version of Sivers effect
% 2" term: Collinear version of transversity + BM function

s 3 term: Collinear version of Collins effect
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Asymmetries from the 7.(x,x)

(FermiLab E704) A (RHIC STAR)
N
0.6 T -
[ ppat\s=20GeV " T L 0
4 " E 0.2~ PP at \s=200GeV I.—n
0.1-

5k PR A R RN FERN S FEN ST FETE
0.2 0.3 0.4 0.5 0.6 Xg

Kouvaris,Qiu,Vogelsang,Yuan, 2006
Nonvanish twist-3 function == Nonvanish transverse motion
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Multi-gluon correlation functions
 Diagonal tri-gluon correlations:

dyy dyy . —
To(x,v) = / yl%yg ey
1

X (Psy [F7,(0) |7 F* ()| B (y)|Psy)
d Two tri-gluon correlation functions — color contraction:

T(f)(% ) i fABCpARC B _ FAFC(TC>ABFB . )

T((; )(CE, .CU) x dABCFAFCFB _ FAFC(DC)ABFB E % §

Quark-gluon correlation:  Tp(xz,2) o ¥, FC(T);;1,

Ji, PLB289 (1992)

 D-meson production at EIC:

* Clean probe for gluonic twist-3 correlation functions
< Téf) (z,z) could be connected to the gluonic Sivers function
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D-meson production at EIC

Kang, Qiu, PRD, 2008

 Dominated by the tri-gluon subprocess:

AN s
] vP+k xiP :

xiP (- x)P+ kel e T (e-x)P+ko
(a) (b)

s Active parton momentum fraction cannot be too large
*» Intrinsic charm contribution is not important
* Sufficient production rate

d Single transverse-spin asymmetry:

e — o(s1) —o(—sL) dAo(s)) do
N o(s))4+o(—s1) depdydzydP?,dé | drpdydz,dP? do

SSA is directly proportional to tri-gluon correlation functions
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Features of the SSA in D-production at EIC

L Dependence on tri-gluon correlation functions:

D — meson T((;f '+ T ((;d) D — meson o« T — T
Separate Tc(:f ) and T((;d) by the difference between ) and )
1 Model for tri-gluon correlation functions:
T (x, 1) = A aG(x) Ara = EAp = £0.07GeV
1 Kinematic constraints:
( e :1 + zﬁi:)léz] : if zp + \/::,3 + % > 1

Tmin = ¢

- 2m?2 P : 9 , P7
zp |1+ = (1 - \/1 B j—zh’;;g)] ,  ifzn+ \/z,i + 224

Note: The Zh(l — Zh) has a maximum

\

SSA should have a minimum if the derivative term dominates
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Minimum in the SSA of D-production at EIC
0 SSA for D° production ( ) only): fang, Qi PRE, 2008

=z - = 0.06
< o014} <
012 _ 0.05F
0.1 0.04 |
0.08 : T S,,=2500 GeV’
i : 0.03} Q=4 GeV
- s, =300 GeV i X.=0.01
0.06 - COMPASS Q=1 GeV 0.02|F EIC P, =2 GeV
0.04 - Xg=0.01 [
R ¥ P, =1 GeV 0.01 |
0.02 I E T
AR TETET PP ofF "
0 eSS -
rifll NI TN ANTF N AN ATUNN AN ANANATAN SN AT USN A AN AT AN AT ;|||1||||1|1|||||||||||||||||||1||||||||
0.1 0.2 0.3 04 05 0.6 0.7 0.8 01 02 03 04 05 06 0.7 0.8
z, Z,

*» Derivative term dominates, and small (o dependence
s Asymmetry is twice if T((;f ) = +T((;d), or zero if T((;f ) = — C(;d)
< Opposite for the J) meson

% Asymmetry has a minimum ~z,~ 0.5
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Maximum in the SSA of D-production at EIC
0 SSA for D° production ( ) only): Kang, Qiu, PRD, 2008

z - =0.04
<0.16 | < :
- 0.035 |
0.14 | =
0.12} 0.03F
i 0.025 |
01 i S,,=2500 GeV?
0.08 s 0.02 — Q=40G0:v
I S. =300 GeV? o 2503
0.06 |- oM Gev 0.015 : "
i X,=0.01 -
0.04 |- 20-0.4 0.01p
0.02F 0.005F .o
A 0 ;—:':' """""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""
_|,,|,| | | | | | |00 ] Clo b b Ly
1 1.25151.75 2 22525275 3 1 1.5 2 2.5 3 3.5
P Pn.

hl

“ The SSA is a twist-3 effect, it should fall off as 1/P; when P >>m,

< For the region, Py ~m,, L

E: C_ 2_m2:_ ~ 2
N X € = = — SIN Qg—=— . .
t ¢ Z=2zp/z, T=uxp/x
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SSA of D-meson production at RHIC

d Rapldlty Vs = 200 GeV p=+/m2+P? m.=13GeV

= [ = N
< 0.25F < 025
. Q eson - @ eson
02 5 cev 025 "5 2cev
0.15f 0.15 |
0.1} 0.1f
0.05f 0.05F
of of
-0.05 | 0.05|
-0.1} LA T N I | |

Solid: (1) A\f = Ay = 0.07 GeV T =11
Dashed: (2) \; = \; = 0 Tc(;f) _ T((;“ — 0 No intrinsic

) (@) Charm included
Dotted: (3) A\f =-X\;=0.07GeV T/’ =T
Kang, Qiu, Vogelsang, Yuan, 2008
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SSA of D-meson production at RHIC

Jd P; dependence:

Vs = 200 GeV  p=+/m2+P? m.=13GeV

~0.08 ~0.08
< l < PE—
0.06 | /_\ oosf e
0.04 |- S°" 0.04 |- S°"
i y=1.8 i y=1.8
0.02f 0.02 |
OF oo OF oo
-0.02F e -0.02 |- /
0.04f T -0.04 |
—IlllllllllllllllllIIIIIllllIlllllllllll lllllllllllllllIIII]IIIIIIIIIIIIIIIIIII
056 1 15 2 25 3 35 4 45 05 1 15 2 25 3 35 4 45
PhJ. Phl

Solid: (1) /\f = Ag = 0.07 GeV
Dashed:(2) \; = ;=0
Dotted: (3) A\f = X\ =0.07 GeV
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Scale dependence of SSA

 Almost all existing calculations of SSA are at LO:

% Strong dependence on renormalization and factorization scales
“ Artifact of the lowest order calculation

4 Improve QCD predictions:

s Complete set of twist-3 correlation functions relevant to SSA
*» LO evolution for the universal twist-3 correlation functions

** NLO partonic hard parts for various observables

** NLO evolution for the correlation functions, ...

J Current status:

+» Two sets of twist-3 correlation functions
,d .
<% LO evolution kernel for 1y,7(z,) and Té{F)(x,x) Kang, Qiu, 2009

% NLO hard part for SSA of p; weighted Drell-Yan vogelsang, Yuan, 2009
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Two sets of twist-3 correlation functions

1 Twist-2 distributions:

_|_
— Y
o Unpo'arized PDFs: Q(x) X <P|¢q(0)7¢Q(y)|P>
G(x) o< (P|ETH(0)F™ (y)|P)(—gpuw)
— Ty P g
. A P
% Polarized PDFs: a@) o< (P, 5[ (0) == va W)l 5))
AG(z) o< (P, S||[FT(0)F™ (y)|P,S)) (i€ 1)
L Two-sets Twist-3 correlation functions: Kang, Qiu, PRD, 2009
~ du—dus . o _ — Nt
1qF = / z(gvr)zéz eleP Ui giv2PTur (p, st |14(0) '7 (€577 E T (g3 ) g (yy )| Py sT)
f]v-(f,d) _ / dyl_dy; eixP+y1_eim2P+y2_ i(P s |F+p(0) [esranﬁF +(,U—)]F+>\( —)lP g >(_ )
G.F (271,_)2 P+ y ST o \Y2 Yy y ST gpA
- du—dus . _ _ _ ~F A5
IaqF = /% eiwPryr gizaPty; (P, 3T|f¢)q(0) ’ 2’ [z ST F0+(y2—)]wq(y1—)|P, ST)

T : dyy dyy i 1 ol -1 . O — — .
Ty = [ S et (P P O) 15 F ()| FPWDIP. st (e
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Evolution equations and evolution kernels

 Evolution equation is a consequence of factorization:

Factorization: Ao(Q,s7) = (1/Q)H\((Q/ pr, a5) ® [r(r) ® f3(wr)
0
dIn( )

: .9 . _ J (1) _ pll) :
Evolution for f;: ()ln(,uF)h (aln(m_)Hl Py )® /3

DGLAP for f,:

folpp) = Py ® fr(up)

 Evolution kernel is process independent:

+» Calculate directly from the variation of process independent

twist-3 distributions Kang, Qiu, 2009
Yuan, Zhou, 2009

+» Extract from the scale dependence of the NLO hard part
of any physical process Vogelsang, Yuan, 2009

s Both approaches should give the same kernel
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Evolution equations - |

d Feynman diagram representation of twist-3 distributions:
P,s, Kang, Qiu, 2009

o,a Ap. ¢
: kzl;" ;k+k2 kzl fk+

Different twist-3 distributions <~ diagrams with different cut vertices

] Collinear factorization of twist-3 distributions:

1 Cut vertex and projection operator in LC gauge:

+ k+ k+
qu*%= Y 8()(— )xzﬁ(xz )(ze‘f""")[ goﬂ]Cq

2P* Pt Pt
1
’Pf;"f) = > —y - P( Z )(16‘"’"" )C
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Evolution equations - ||

1 Closed set of evolution equations (spin-dependent):

, 9 = - |
mi T g r(x, x + X3, pip, 57) = fdfdfz[Tq.F(f’ E+ Eopup, sp)Kg (& &+ S0 x + Xy @)

ey
+ %Aq,(‘f £+ & ppost)Koaglé €+ & x x+ 1y, a))]
S [ddelTErE € + o mr sOKRE £+ baxx + 32 )
"2
+ TRor& €+ & pp sPK (& E+ &5 x + 1, )]
Hig= Ti:’, (oxtxppsr) = 3 [ddeIT e € + fomr sOKEE €+ faxx b3y a)
—fd

+ TR rE &+ &, pup sKID(E &+ 2,5, x + X3, @,)]

+ Zfdfdfo[’f,,,(f £+ &y pp, spKG(E €+ £, xx + Xy, @)

(
+ TAq.F(.f’ &+ & up Sr)Kg',)gq

(& &+ & x x + X2, )],

Plus two more equations for:

~

(i)

5
7 AG.FX, X + Xy, g, 57)

d , d
—rT Al x + xo g, st) and ——T

'!'l\)
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Evolution equations - Il

] Distributions relevant to SSA:

d . T a ~ 3 =
#i‘r = Tq_p(_x, X+ Xo, p) = 3 ,_;,%F-Tq_,-(_x, X + X, g, sy) + /.L;',,—FTq_F(X + Xs, X, L p, sr)],
Mg - M Mg
5 d T(,-) . B Ir 5 d T(,) ,1",,(,') . h
ri—5T Gl x + 2, pp) = 3| #FoTT (X, X+ Xo, g, 57) + p% —_;- GrX + X2, x, g, sp) |,
Gy L duE OpE -
#2~LT (6 x + x ,u-)=l-,u2- 0 T (X, X + Xa, g, S7) — @3 0 ’T (x + x5 x, 9)-
F r'),u,%,- Ag F\AY 2y FF 2L F (')/.L;,- Ag . F\ 2y Fs 2T F :U'I' Ag.F Fs3T) |
2 LT ot xwp) = 5| wh e T x ) = w3 — T 56.px + )
HF3 AGFW X T X2, LF) = 5 #r?‘ AGF\N X T Yo, s ST) = Mo 4 AG. F WX T X2 X g ST) |
HF HF HE

4 Important symmetry property:
TAq,F(x’ X, pp) = ‘[dxz[2775(xz)]TAq.F(X’x + xo pp) = 0,

TU",, (x, x, pp) = fdxo[277'6(x7)]( )Tud)(x,x + x5, i) = 0.

These two correlation functions do not give the gluonic pole
contribution directly
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Evolution kernels

. Kang, Qiu, PRD, 2009
d Feynman diagrams:

p \ 2l fp+6 p Ql p+p,
Nk, fkrle KBk §iek

4 LO for flavor non-singlet channel:
/p+p, ] l’zl ptn,
/k+kz 2\ kd ek

p.c p.c
P 2l Ptp, P ptp, p p+p, 1 p 7|

k kzl k+o k k Lz K+l 2 ¥k i
(b) (C) (C
p.c p.c c

P PR p\  Fp PR P\ in| [PE p B3
k k?l k+k k kzi k+k k k% u‘ k+k k kq\u k+k
( ) )

(d)

) (h a (
pé r+n, U;r n
: k+o k+o K+ ko k-+k
(n) (0)
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Leading order evolution equations — |

Kang, Qiu, PRD, 2009

d Quark:
oT, 3Ly ‘s ' d
q‘gl(lfﬂg M o ;_‘n’ ?ﬁ Paq(2) Tq,r (&,€ 1F)
Ca [14 22 <
TA [ ltzz [Tq_-F(gvl'a pr) — Ty r(&,6, pr)] + zT, r(&, l‘,ﬂF):I M TA [TA‘?’F(Q:’E’MF)]

1
P (%) (5) [T(g‘f;(ﬁ,e,up) + TS} € pp)] }

4 Antiquark:

OT; p(z,z, a, [1d
q"gl(np% he) -~ o é{qu(z)Tq»F(ﬁ,ﬁ,MF)
Cy [1+ 22 .
+TA l 1 —zz T7.r (& z,mr) = Tqr(§, & pp)l + 2 T3 (8, 2, #F)] + TA [TM.F(:I:,& #F)]

1\ F
+qu(z) (5) _T((‘,'cf}"‘(g, 63 /-LF) - Téf;;-(f,g, /-I'F')] }

% All kernels are infrared safe
+ Diagonal contribution is the same as that of DGLAP
* Quark and antiquark evolve differently — caused by tri-gluon
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Leading order evolution equations — ||

Kang, Qiu, PRD, 2009

d Gluons:
8TC(;37(I‘$’ :u'F) O ! dé. P ( )T(d) (£ ¢ )
Iln p2, oo ), €LY TG E S S HF

C z 1—=z d d
5 [2 (1 (- z)) T8 wamr) = TS (6,6, 1)

1—=2
#2 (1= 122 —201=2) ) T 6 ne) + (14 2) T, (o o)

N2 —4
+Pyq(2) (Ng — 1)
(&

Similar expression for 7./) (1 2 )

Z [Tq.r(& & pnr)+ Thr (&€, ,U-F)]}
q

“ Kernels are also infrared safe

“ diagonal contribution is the same as that of DGLAP
“ Two tri-gluon distributions evolve slightly different
& Té‘f} has no connection to TMD distribution

< Evolution can generate Tgf)F aslongas Y [Tyr+Tsr] #0
q
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Leading order evolution equations - |lI

d Evolution equations for diagonal correlation functions
are not closed!

1 Model for the off-diagonal correlation functions:
For the symmetric correlation functions:
T,k Xy, pup) = T, gy, xy, ) + T, p(xy, Xy, wp) e L xf 20

Tgfl' (r] X2, /"Lf') ‘[Tg,.)(’(l X1, M )+ T (’fz.,xz, ILLF)]e_[(xl—xz)'-’/zaz],

—)

, , X . 2 2
Tg};{)(_xl’xz’ /»L}') - [Tg,,d)(xl, X1, /.Lf.) + x—zT(({';{)(xz,xz’ #F)]e—[(-\’x —Xz)“/'lo’“].
1

1
2
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Scale dependence of twist-3 correlations

= 05| = 06F )
% - u-quark-gluon % - Our evolution
i - L 05
5 0.4__ p N
- . Q=4 GeV = 04k Q=10 GeV
03[ T E
C 03 |
02 | -
- 0.2 |-
0.1 :_ 0.1 :_
0:ll[llllllllllllllIlllllllllIlllllllllllllllllll o'__llllllllIlllllllllllllllllllllllllllll[lllllllll
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 0.9
X X
= aF = 4F
X F Tri-gluon X F
% asF 9 % 35F 1
S‘D E 5 ec E
= 3F Q=4 GeV = 3F Q=10 GeV
25 25
2 2
15 F 15 F
1E 1E
05 05
ofF of
: 1 llI 1 1 1 1 1 1 —_— : 1 1 Illl 1
107" 1 107 1
X

*» Follow DGLAP at large x
*» Large deviation at low x (stronger correlation) _
Kang, Qiu, PRD, 2009
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TMD factorization
L Need processes with two observed momentum scales:

(), nhecessary for pQCD factorization to have a chance

0-0 ]

(Q, sensitive to parton’s transverse motion

 Example — semi-inclusive DIS:
P’ *» Both p and p’ are observed

4 *
- - -»< < p’r probes the parton’s k;
g

K P “ Effect of k; is not suppressed by Q

d Very limited processes with valid TMD factorization

» Drell-Yan transverse momentum distribution: (,q,
o quark Sivers function

o low rate Collins, Qiu, 2007
Vogelsang, Yuan, 2007

< Semi-inclusive DIS for light hadrons: (O, p..
o mixture of quark Sivers and Collins function
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TMD parton distributions

Q SIDIS: )
ek = |

dy_d2yJ_ irptu——ik, - -
G ¢ f, Y (p, §[B(07,0L)®], ({o,0},01)
X (I)Il ( {YLaOJ_} {QC Y } y_L ’d) y y_L)|p’ >

Gauge links: g (foc,y~},y1) = Pe 9 fom Bim Anliovy)

. Y1 7 I ’
. —1ig dy yn’| Au(oo, v )
®y, (00, {yL,01}) = Pe L

 Drell-Yan:
dy~d?

+ YL iepty——ik,. ——
PNk, ) = [ SEh Tt 570 0,)8 ({-00.0).0,)
+ B
xBf —oc',{yl,Ol})% $n({—00,y” Ly L)U(y™,yL)|p,S)

4 PT invariance:
Collins 2002

£SIDIS g B t al, 2003
e EN ) 1(-7» k,,-S5) oeretal,
fa/h falh Kang, Qiu, 2009

4 Sivers function:
o @,k 1, 8) = fon(a, ko) + fO5 (2, ky) S (p x ko)

Sivers SIDIS Sivers DY Modified
—) x, k = — x, k S
ot (@ kL) a/ht (TrkL) Universality
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Summary and outlook

(1 It seems likely that quark and gluon helicity alone is not
sufficient to make up the proton’s spin

1 SSA is connected to parton’s transverse motion

1 Collinear factorization and the TMD factorization cover
different kinematic regimes — they are consistent when
they are overlap

L Twist-3 factorization formalism seems to be on a solid
ground

 Spin program opens a whole new meaning to test
QCD dynamics!

Thank you!
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Challenge: Map out the nucleon

Gluons
g, Ag
)

istrib.
ang. mom.

on
Functions, ...

RHIC spin and future EIC spin will play a key role!
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Universal parton distributions

J Modern sets of PDFs with uncertainties:

1"‘] L ) l‘”\ tororrre

NLO Q?2=10 GeV? |

=
e

¥y o8- B MRsT2001
S ’ 2

—

X

. @=10GeV?

Consistently fit almost all unpolarized data with Q > 2GeV
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